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ABSTRACT

THE ULTRASONIC DEGASSING OF JET FUEL TO REDUCE DEPOSITION
Hanchak, Marc Andrew
University of Dayton, 1995
Advisor: Dr. Jamie S. Ervin
Military and commercial aircraft use jet fuel as a heat sink to cool various engine
and airframe components. As the fuel is thermally stressed, it forms deposits which can
obstruct the flow of the fuel. Deposition occurs in devices vital to aircraft operation such
as fuel injectors, spray bars, augmentors, and actuators. The replacement or repair of
these fouled components is very costly and, if ignored, can be destructive to the fuel
system. To avoid the buildup of deposits, the removal of dissolved oxygen from the fuel
is desirable since previous experimentation has shown that dissolved oxygen is
responsible for the initiation of deposits. For some time, ultrasound has been used to
remove dissolved gases from certain fluids. Here ultrasound is uniquely applied to
remove dissolved oxygen from jet fuel. In this work, fuel flow rate, pressure,
temperature, surface tension, and applied ultrasonic energy was varied in both static and
flowing reactors to determine optimum degassing conditions. Degassing conditions were
found which permitted degassing at high fuel flow rates. The ultrasound amplitude and
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frequency were also studied in an attempt to further increase cavitation. The results
suggest that ultrasound has potential for implementation in an aircraft.
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NOMENCLATURE

A

cross sectional area

ASTM

The American Society for Testing and Materials

B

Bunsen coefficient

d

density of a specified liquid at 288 K, kg/L

E

modulus of elasticity

f

applied ultrasonic frequency

F2827

Air Force specification for non-hydro-treated jet fuel

G

solubility, mg/kg or ppm by weight

I

intensity of ultrasonic energy

J

steady homogeneous nucleation rate per unit volume of liquid

JP-

Jet Propellant (fuel)

lq,

Boltzmann constant

L

corrected Ostwald coefficient at T for a liquid of density d

Lo

Ostwald coefficient of a gas at 0 C dissolved in a liquid of d = 0.85
kg/L
molecular mass of liquid (kg/kg mol)

Mg

molecular weight of dissolved gas
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Na

Avogadro’s number (6.023 x 1023 molecules/gmol)

NORPAR® 13

Exxon normal paraffin solvent

P

pressure of dissolved gas

Pa

pressure induced by ultrasonic horn

Ph

external pressure

Pi

liquid pressure

POSF

Propulsion Directorate - Fuels Branch at Wright Laboratories WPAFB

Psat

saturation pressure

Psat @ Tl

saturation pressure at the specified temperature of the liquid

Pv

vapor pressure of liquid at T

R

ideal gas constant

re

equilibrium radius of a void or bubble

Pfnax

maximum bubble radius

T

fuel temperature

T,

liquid temperature

X

amplitude of ultrasonic wave

CT

surface tension

71

pi

X

wavelength

x

V

speed of sound in specified solid material

p

density of specified solid

0

diameter

®a

applied circular frequency (=2nf)
vapor pressure of specified liquid
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INTRODUCTION

Advanced electronic and mechanical systems on military aircraft generate large
amounts of heat. In the past, intake air was used to cool the engine and temperaturesensitive devices, but cooling with flowing air has limitations. As the aircraft travels at
supersonic speeds, the flow rate is severely restricted by the sonic velocity of the air. To
reduce the high temperatures of the engine and temperature-sensitive electronics, jet fuel
is circulated within the aircraft. Unfortunately, jet fuel contains dissolved oxygen, and
when heated, the fuel degrades forming oxidized products and deposits (Hazlett, 1991).
A fuel able to resist formation of these deposits is designated thermally stable. Deposits
accumulate within fuel system actuators, injectors, nozzles, spray bars, and fuel lines
(Hazlett, 1991; Zabamick, 1993). If ignored, this accumulation can lead to catastrophic
failure of these components.
Solutions to the problem of jet fuel oxidation and subsequent deposition include
the use of fuel additives and inert fuel line coatings (Edwards and Atria, 1995). However,
because oxidation and subsequent deposition mechanisms are not well understood, the
use of additives is not always successful. In addition, tube coatings delay, but do not
prevent deposition. Once incipient deposits form on the coatings, deposition increases at
an accelerated rate (Jones, 1995).
Previous low temperature (below pyrolytic temperatures of = 400 C) studies have
shown (Heneghan et. al., 1993; Taylor, 1974; Ervin et. al., 1995) that in the limit of zero
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dissolved oxygen concentration, deposition is greatly reduced. Thus, a direct method to
reduce deposition may be to reduce the concentration of dissolved oxygen in the fuel
before heating. This study considers the removal of dissolved oxygen from jet fuel by a
novel on-line technique which uses ultrasound.
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BACKGROUND

There are several methods (Magorien, 1978; Hammerton, 1978; Darrah, 1988) to
remove dissolved oxygen from liquids. One method requires the flow of liquid through
semi-permeable tubing (Magorien, 1978). Low pressure imposed on the outer surface of
the tubing assists the diffusion of dissolved gases from the liquid through the tube wall.
Very low levels (<1 mg/L) of dissolved oxygen concentrations have been achieved in
solvents (Analytical Instrument Systems, 1993). However, this method is limited by the
rate of diffusion of gases through the semi-permeable membrane. At high flow rates, a
short residence time precludes effective dissolved oxygen removal. Residence times can
be increased by the use of longer tubes. In addition, tubes of small diameter provide
increased surface area for gas diffusion. However, a large pressure difference is needed
to force the liquid through a long tube of small diameter. As a result, substantial flow
rates, as encountered in aircraft fuel systems, cannot be obtained. [A vacuum degasser
from Analytical Instrument Systems was used to determine the practicality of on-line
deoxygenation of jet fuel with semi-permeable tubing (Appendix A).]
Dissolved gases may also be removed by vacuum tower degassing. With this
technique, liquid enters the top of a cylindrical tower containing a matrix of solid packing
and forms a thin film over the surface of the matrix. A vacuum imposed within the tower
decreases the partial pressure of the dissolved gases in the liquid (Holca, 1978). The
large surface area of the liquid is exposed directly to this vacuum, allowing the thin film
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to expand and the dissolved gases to escape. Check valves at various locations along the
tower remove the gases from the system. Vacuum tower degassers are effective but are
prohibitively large (5-10 ft in diameter) (Holca, 1978) for aircraft applications. Also,
since vacuum tower degassers rely on gravity for liquid flow, they must be situated in an
upright orientation.
Another deoxygenation method consists of bubbling nitrogen or other inert gas
through a liquid to displace the dissolved oxygen gas. A study of the effects of nitrogen
sparging of jet fuel on deposition is found in Darrah (1988). Deoxygenation by bubbling
nitrogen gas is slow (~5 L/hr), but nevertheless has been found effective, displacing all
but approximately 1 mg/L oxygen from fuel from the original 72 to 75 mg/L oxygen
contained in air saturated fuel (Darrah, 1988). However, this method generally relies on
batch processing and does not accommodate on-line requirements at large flow rates.
Mechanically induced cavitation can also be used to remove dissolved gases from
liquids (Hammerton, 1978). Liquid is held in a vessel within which an impeller or disc
rotates at a high velocity. Local pressure drops nucleate bubbles which contain dissolved
gases (Figure 1). The bubbles rise toward the liquid surface due to buoyancy and are
expelled. It has been suggested that this method may be used to degas kerosene and
rocket fuel (Bak, 1981), but in practice has been limited to batch processing (Hammerton,
1978). Also, as in previously described methods of degassing, an upright orientation with
respect to gravity is required for the removal of bubbles containing dissolved gases.
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Figure 1. Degassing Using Rotating Disc to Cavitate Liquid

Another method of degassing uses ultrasound to cavitate the liquid. Ultrasonic
energy of a specified frequency and amplitude is mechanically transferred through a solid
to a liquid which will cavitate due to dynamic pressure changes caused by the rapid
displacements of the solid material (Figure 2). Local pressure minima in the fluid creates
voids which permit the diffusion of dissolved gases from the fuel. Nucleated gas bubbles
rise to the surface of the fluid where they are removed. This method of degassing has
previously been used to degas HPLC liquids and water at very low flow rates, but has not
been used to degas jet fuel. An ultrasonic transducer could be connected to a fuel line,
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cavitating the fluid as it flows past. Also, an ultrasonic apparatus may be small and
lightweight, allowing for integration in aircraft fuel systems. Cavitation bubbles may be
filtered from the fuel on-line, allowing for applications to be situated in various
orientations.

Figure 2. Degassing Using Ultrasonic Horn to Cavitate Liquid

For direct implementation in the fuel system, a degasser must operate
continuously. This requirement eliminates degassing processes which are batch in nature.
Furthermore, the degassing technique cannot change the physical or chemical
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characteristics of the fuel since alteration of the fuel may change its combustion
properties and effect its thermal stability.
From the methods researched, only the ultrasonic method to degas appears
practical for on-line degassing of jet fuel in an actual aircraft because the other degassing
techniques are batch processes or are limited by small flow rates. Although a few
flowing methods do result in very low levels of dissolved oxygen, they require an
impractical residence time. A method that reduces the dissolved oxygen on-line in an
aircraft fuel system which has characteristically large flow rates (10-60 L/min) is desired.
The objective of this study was to reduce the amount of deposits formed with
thermally stressed jet fuel by reducing the dissolved oxygen. The study employed the use
of ultrasound in a simulated aircraft flowing fuel system. Experiments to determine the
efficiency of this technique in deoxygenating jet fuel were conducted in both a static and
a flowing test. A study determining the effects that the degassing method has on both the
chemical and physical properties of the fuel was also conducted. Insight will also be
given on possible implementation in an actual aircraft environment.
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THEORY

A fluid can be cavitated by exposing it to ultrasonic vibrations. These vibrations
are translated from an energy source through a solid material, more commonly known as
a horn. At rest, liquid to be degassed contacts the tip of the horn. In the following
discussion, downstroke will designate the displacement of the horn tip into the fluid, and
upstroke, the displacement of the horn tip from the fluid (Figure 3).

Downstroke

Upstroke

Figure 3. Displacement Designations for Ultrasonic Horn Tip

As the horn vibrates longitudinally, it displaces the fluid located at the tip of the
horn. At low frequencies, the fluid will follow the horn displacement. During the
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upstroke at high frequencies, a void in the fluid is created at the tip of the horn due to a
local pressure drop. After a void is created, the motion of the fluid lags behind the horn
motion such that the void separates from the tip, forming a bubble (Mason, 1988). The
horn tip moves through the liquid so fast that it overcomes the surface tension between
the liquid-solid interface, and the void separates to form a bubble. There are different
types of voids which can be created due to this local pressure drop. These include a
vacuous cavity, a cavity filled with the vapor phase of the fluid, a cavity filled with gases
dissolved in the fluid, and a combination of the previous two (Mason, 1988). The
dissolved gases which cross the boundary of the void and fill the cavity do so because of
the activity difference between the void and the liquid. As the pressure differential
between the liquid and the cavity increases, degassing increases because the dissolved
gases tend to move to a lower activity state caused by low pressure in the void.
Degassing also increases as the size of the void increases since larger cavities provide a
greater surface area for dissolved gases to permeate into the void. However, it is unclear
if overall degassing increases with the production of many bubbles of smaller radius or
fewer bubbles of larger radius because bubble population is difficult to calculate.
In order for a cavity to be created, a pressure, lower than the vapor pressure of the
liquid, must be induced by the horn. This pressure is directly related to the frequency and
amplitude of the acoustic wave. Once this pressure has been established, the equilibrium
size of the void created, re, can be calculated (Carey, 1992) by Equation 1.
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2a
u /p / Pxa,@r, ]
P^@t, exp-

/?r,

1)
> - p,

Equation 1 shows that increasing the size of the bubble can be accomplished by
reducing the pressure of the fluid. This equation assumes the void contains liquid vapor
only, but it can be easily modified to include the presence of dissolved gas. Decreasing a
will facilitate a potential void created on the tip of the horn to detach and form a separate
bubble. The surface tension can be reduced by raising the temperature of the liquid, or by
adding a surfactant.
After the void has been created, the horn tip begins its downstroke. The
downstroke collapses the bubble, creating a shock wave which propagates out away from
the tip of the horn, expelling the bubble into the fluid (Heat Systems, Inc., 1991), and
buoyancy forces the bubble upward toward the surface of the liquid, where dissolved
gases are expelled to atmosphere.
The rate that a potential bubble nucleates is also a function of surface tension,
liquid pressure, and liquid temperature. In the following equation (Carey, 1992), J
represents the steady homogeneous nucleation rate per unit volume of liquid.

p , ) f 3a N J
< 71 M ,

exp-

16na3
3t»r, '•l Psat@T, ~ P>

where,
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ft

u /p /
q = exp-

^@7; J
RT,

From Equations 1 and 2, bubble nucleation rate and size increases as surface
tension and fluid pressure decreases. It will be shown later that the same trends were
found in the experimental measurements.
Attempts have been made to model the motion of a single bubble in an acoustic
field of a fixed frequency (Neppiras, 1980; Mason, 1988). Quantative predictions offered
by these models have little application in the present work because thousands of bubbles
are produced by the ultrasonic horn, and the acoustic properties for a fluid with a single
bubble are different from those of a fluid with many bubbles. However, some of the
basic equations used in determining bubble growth and nucleation for a single bubble can
predict qualitative trends for many bubbles (Appendix B). These equations show that
bubble size depends on the frequency of the applied ultrasonic field. At lower
frequencies, the bubble radius increases. The lower limit on the frequency occurs when
the horn tip vibrates slowly such that the fluid follows the horn. The range of cavitation
is also bounded at an upper frequency where the voids are generated and collapse with
insufficient time to grow and propagate from the horn tip.

11

EXPERIMENTAL APPARATUS

Ultrasonic Convertor
and Horn

A
Fuel
Drum

jraduatcd
Cylinder

Pressure
Vesssel

Figure 4. On-line Deoxygenating System

Figure 4 shows a schematic of the on-line deoxygenation system used in this
experimental study. A 18.9 liter stainless-steel drum contained the JP-8 (F2827) jet fuel.
The graduated cylinder, replenished with fuel from the drum, was situated before the
glass flow cell and used to measure the volumetric fuel flow rate by timing the change in
fuel level with a stopwatch. Fuel leaving the graduated cylinder then entered the flow
cell, a glass round bottom flask fitted with four external ports. Two ports allowed the
fuel to flow in and out of the cell, one controled the pressure inside the cell, and the last
was used as a sampling port. The sampling port was fitted with a self-sealing rubber
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septum to allow for manual sampling of the fuel for gas chromatography (GC) analysis or
for temperature measurements using a thermocouple. The low pressures were established
inside the cell with a Piab vacuum ejector pump (Model 79700-10) driven by nitrogen at
80 psig. Vacuum levels were controlled (± 1 kPa) using standard laboratory vacuum
regulators.
Ultrasonic energy was applied to the fuel by means of a Misonix Microson
Ultrasonic Cell Disrupter. The power supply converts 120v ac line power to 23 kHz
electrical energy. The converter transforms this 23 kHz signal into mechanical vibrations
by means of a stack of lead zirconate titanate piezoelectric crystals. When exposed to a
voltage oscillations, these crystals expand and contract at the same frequency as the input
signal.
The particular horn used in this study is stepped down from a 0.5” diameter base
to a 0.125" diameter tip, and is composed of titanium alloy, necessary to withstand the
corrosive shock waves formed by cavitation. The length of the horn is directly dependent
on the frequency of the ultrasonic energy applied. To achieve maximum efficiency
because it is desirable to have the end of the horn located at an antinode of the wave
where the maximum displacement occurs. Therefore, the tip of the horn is n/2
wavelengths away from the wave source (where n is an integer). The Misonix horn is
11.1 cm long operating at a frequency of 22 kHz, putting the horn tip !4 wavelength away
from the energy source. The wavelength, A,, of the acoustic disturbance is given by
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where f is the applied ultrasonic frequency.
The ultrasonic pulse is created by a stack of piezoelectric crystals which initiates a
longitudinal wave that travels down the length of the horn. The horn is stepped at precise
distances which correspond to nodal points of the acoustic wave (Figure 5), minimizing
the amount of energy lost as the wave propagates. Locating the steps at nodal points
where minimum displacement occurs reduces internal stresses in the material, since large
stress concentrations arise at the interface between different diameter sections. However,
the node point in Figure 5 does not occur exactly at the two steps in the Misonix horn.
This would cause problems in other materials, but titanium has high tensile strength
which can compensate for dense stresses (Mason, 1988). Having this high strength
allows for the node point to only be located close to the two steps where displacements
are small relative to antinodal points.
Stepping the horn diameter amplifies the wave amplitude in the longitudinal
direction due to the conservation of energy density (Mason, 1988). The energy passing
through one cross sectional area must equal the energy passing through any other
adjacent cross sectional area. The wave intensity is proportional to the square of the
wave amplitude (Giancoli, 1984). Hence, if I] and I2 are the intensities of the wave
energy through sections of area A] and A2, respectively, then
i =A
/, A2
or
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4)

D

J

7

Figure 5. Relative Amplitudes for Ultrasonic Energy Wave
When in Phase Providing Maximum Tip Displacement
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7,

5)

r2

and
i =i
-V, r2
where

6)

and r2 are the respective radii of the cylindrical sections and X, and X2 are the

amplitudes of the ultrasonic wave traveling through those sections. Thus, if the wave
propagates through a region of decreased cross-sectional area, the amplitude of the wave
must increase proportionally. This focusing of ultrasonic energy in combination with the
characteristic length of the horn allows for maximum horn tip displacement.
To vary the fuel temperature in determining effects on saturation pressure and
degassing, a heating mantle was constructed using 1.27 cm wide 200 watt heating tape
insulated with Fibrox fibrous glass insulation. Uniform heating was assured by a Fisher
Scientific Ceramic-Top Stirring Hotplate with a 0.3175 cm D x 0.9525 cm L Teflon
coated stirring bar. Fuel temperatures were controlled and monitored by a temperature
controller (Cole-Parmer Model 2186-10A Digi-Sense) through a k-type thermocouple.
From the flow cell, the deoxygenated fuel travels through a line to the dissolved
oxygen sensor. Dissolved oxygen measurements were taken with an Ingold dissolved
oxygen (DO) Sensor (12 mm diameter) in conjunction with a Model 4300 Ingold
microprocessor based oxygen transmitter. The probe supplied by the manufacturer is not
designed for on-line oxygen measurements, so a stainless steel housing (Figure 6) was
designed to integrate the probe in the flowing system. This unit can detect oxygen
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concentrations ranging from 0-299.9% saturation with a ± 1% accuracy, as stated by the
manufacturer. To confirm this accuracy, a comparison between the oxygen probe and a
Hewlett-Packard 5890 Series II Gas Chromatograph (GC) with a modified column
(Rubey, 1992) was performed (Figure 7). The two solid lines are linear curve fitted
oxygen solubility data for JP-8 at 20 C and 40 C acquired from the GC. Under the same
conditions, the DO probe was used to evaluate oxygen concentrations at varied pressures.
As shown in Figure 7, the dissolved oxygen readings obtained using the DO probe match
very closely those obtained using the GC, confirming accuracy.
Fuel, after being deoxygenated and measured, is collected in a downstream tank.
This 11.4 liter stainless-steel pressure vessel was evacuated to pull the fuel through the
system while maintaining low fuel pressures. By evacuating this vessel, the need for a
pump to drive the fuel through the system was eliminated. A Piab venturi was again used
as a means to evacuate the pressure vessel to the desired level.
Fuel lines in the flowing setup consisted of 0.3175 cm OD x 0.0508 wall 316L
stainless steel tubing cleaned to ASTM A213 grade (±0.2 - 0.38 pm surface roughness,
fully passivated, nitrogen cleaned). The vacuum lines were fabricated from 0.476 cm ID
x 0.635 cm OD (Nalgene 890 FEP) tubing.
To analyze deposit formation, a large scale thermal stability flow rig known as the
Phoenix Rig was used. The Phoenix Rig (Figure 8) is a single pass heat exchanger which
uses copper heating blocks to heat sections of a fuel line, in order to simulate aircraft
thermal heat loads (Heneghan, et al., 1993). Analysis of carbon deposits formed in the
tubing was accomplished with a Leco RC-412 Multiphase Carbon Determinator.
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Dissolved O xygen Concentration(m g/L)

Figure 7. Verification of Accuracy of DO Sensor with GC
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Figure 8. Phoenix Rig Test Section
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A surrogate fuel (Heneghan, et al., 1992) was used to simulate JP-8 during testing
to determine if ultrasonic energy deteriorates the chemical composition of the fuel. The
specific compounds used are all higher-order hydrocarbons, similar to those found in JP8. Table 1 shows the different compounds and their corresponding concentrations.

Table 1. Surrogate Fuel Compounds, Type, and Concentrations

Compound

Hydrocarbon Class

Density
(g/ml)

NORPAR® 13
consisting of
n-undecane
n-dodecane
n-tridecane
n-tetradecane
n-pentadecane

normal paraffins

0.76

p- xylene

aromatic

0.866

20.00

methylcyclohexane

cyclic branched paraffin

0.770

15.00

isooctane
(2,2,4trimethylpentane)

branched paraffin

0.692

15.00

Mass %

0.10
7.20
26.45
16.00
0.25

Chemical analysis of the surrogate jet fuel before and after degassing was
accomplished with a Hewlett-Packard HP 5890A Gas Chromatograph coupled with a HP
5971 Series Mass Selective Detector. Samples were injected into the GC with the aid of
an HP 7673 Injector in conjunction with an HP 7673 Controller. Data analysis was
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performed on a HP G1030A Vectra Data Acquisition Computer using HP ChemPC
software.
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EXPERIMEMTAL PROCEDURE

Four sets of tests were conducted. These include preliminary experimentation, the
running of a test matrix in both static and flowing experiments, testing of deoxygenated
fuel in the Phoenix Rig, and analytical testing to determine if ultrasonic degassing alters
certain characteristics of JP-8.

Preliminary Testing
Since subjecting jet fuel to intense ultrasonic energy has not been documented,
initial experiments were carefully conducted on small open samples of fuel for extended
periods to see if ignition would occur. A 20 ml sample of JP-8 was cavitated using the
Misonix horn at the highest possible power output setting. The fuel endured this
cavitation for time periods greater than five minutes.

Static and Flowing Testing
A 250 ml Erlenmeyer flask filled with 100 ml of JP-8 was used in the static
experiments. The flask was sealed using a rubber stopper containing holes drilled
through to allow for the horn and a glass pipette. A vacuum source was attached to the
glass pipette and used to adjust the pressure inside the flask, and the fuel temperature was
controlled by using a stirring hot plate with a Teflon coated stirring rod in the bottom of
the flask. Flowing tests were conducted in the on-line deoxygenating system shown in
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Figure 4. Table 2 shows the test matrix containing variant temperatures, pressures, and
flow rates.

Table 2. Test Matrix for Static and Flowing Experiments

Test #

Exposure of Ultrasonic
Energy

Flow Rate
(ml/min)

Temperature
(°C)

Pressure
(kPa)

i

no
no
no
no
yes (transient)
yes (transient)
yes (transient)
yes (transient)
yes (transient)
yes (transient)
yes (transient)
yes (transient)
yes (transient)
yes (transient)
yes (transient)
yes (transient)
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes (steady state)
yes (steady state)
yes (steady state)
yes (steady state)
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Prior to applying ultrasonic energy, a baseline set of data was collected
documenting the effects of changing pressure and temperature had on the solubility of
dissolved oxygen. These static tests without cavitation (tests 1-4) were necessary to
separate the effects of lowering the pressure or raising the temperature of the fuel from
the effects of ultrasound. During these tests, fuel was stirred vigorously to assure uniform
oxygen content. The same tests consisting of variable temperature and pressures was run
with the same amount of fuel (100 ml) in a static experiment using the ultrasonic energy
to cavitate and further deoxygenate the fuel (tests 5-16). Transient degassing data was
also recorded during tests 4-15. After the baseline data had been obtained through static
experimentation, flow rate was introduced as a variable and tests 17-44 were run in the
flow rig with and without the application of ultrasonic energy.

Phoenix Rig Testing
To show differences in the mass of deposits formed when air saturated, nitrogen
sparged, and ultrasonically degassed jet fuel are heated, deposition data was collected
using the Phoenix rig. The tubing is heated to a steady state temperature of 300 C by
means of copper heating blocks. Fuel flowing at 150 ml/min was ultrasonically degassed
in the on-line deoxygenation system shown in Figure 4. The deoxygenated fuel was then
stored in an airtight vessel with a nitrogen head space such that oxygen would not diffuse
from the ambient air into the fuel. The tank of degassed fuel was then connected to the
Phoenix rig. The fuel in the Phoenix rig was maintained at a constant flow rate of 16
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ml/min. After the 6 hour duration of the test, the tubes are cut into predetermined
sections and analyzed for their carbon (deposit) content in a multiphase carbon analyzer.

Analytical Testing
To determine if the ultrasonic energy was degrading chemical composition of the
fuel, a mixture consisting of high order hydrocarbons to model actual jet fuel was created.
This simplified mixture was necessary to accurately discover any cracking which could
occur during sonification because jet fuel has many inert compounds which could mask
cracking or fuel degradation. A 10 ml volume of fuel was degassed for four time periods
(30, 90,180, and 300 seconds) and at two different pressures (67.4 and 33.5 kPa) for 300
seconds. After degassing, 100 pL of each individual sample was diluted with 1350 pL of
methanol and transferred to a 1.5 ml GC sampling vial. Dilution of the surrogate fuel
was necessary because pure samples would give too strong an output signal for the GC
data acquisition instrumentation and could mask small changes in the relative peak sizes.
The samples were then run in the GC Mass Spectrometer with a split ratio of 50:1,1 pL
injection. Dilution of the samples limits the sensitivity of the GC when looking for very
small peaks, therefore a solid phase extract was conducted to compensate for this.
Remaining samples exposed to ultrasonic energy and not used in GC analysis were
combined and extracted through silica gel. This process was also repeated for the neat
surrogate fuel. Extracts from both the neat and stressed surrogate fuel were run in the GC
mass spectrometer for comparison.
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RESULTS

Preliminary Tests
Preliminary experimentation shows that the degassing unit can assuredly be used
on jet fuel without risk of an explosion. Fuel exposed to intense ultrasonic energy for a
period of five minutes did not combust, but did increase in temperature to approximately
75 C. Faint odors signifying jet fuel vapors could be detected during sonification. These
vapors, although combustible, pose little threat of explosion if removed from all possible
ignition sources.

Static Tests
Solubility of dissolved oxygen in JP-8 at various temperatures and pressures is
shown in Figure 12. The left axis gives the percentage of dissolved oxygen remaining in
the fuel relative to air-saturated ambient (72 mg/L oxygen). The right axis shows
absolute dissolved oxygen concentration in parts per million (mg/L). Constant
temperature data points are linearly curve fitted.
The visual effects of decreasing pressure on cavitation are shown in Figure 9. As
the fuel pressure approaches its saturation pressure, cavitation becomes more intense and
more bubbles are produced. Each photograph was taken approximately 2 seconds after
power was supplied to the ultrasonic horn.
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c)
Figure 9. Pressure Effects on Ultrasonic Cavitation: a) P = 101 kPa,
b) P = 69 kPa, c) P = 34 kPa
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Figures 10 and 11 show degassing results at three different temperatures, namely
20 C, 40 C, and 60 C. In both figures, ultrasonic energy was applied to 100 ml of JP-8 at
time zero. Transient dissolved oxygen content was recorded until a steady state oxygen
concentration was reached. Experimental data shown in Figure 10 was collected at 60.6
kPa while data given by Figure 11 was collected at 33.5 kPa.
Figure 12 shows a comparison of degassing with and without using ultrasound at
variant temperatures and pressures and at steady state.
Figures 13, and 14 summarize ultrasonic degassing at various pressures with the
temperature held constant over time.

Flowing Tests
Results from the flowing test setup are summarized in Figure 15. Here, JP-8 2827
is ultrasonically degassed at room temperature for different flow rates subject to variant
pressure. Figure 16 shows the comparison of the oxygen content in JP-8 2827 before and
after ultrasonic degassing at room temperature for varied pressures at a flow rate of 50
ml/min. This test was also repeated at a flow rate of 100 ml/min, as in Figure 17. Data
points in both figures were recorded when dissolved oxygen levels had reached steady
state.
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Figure 10. Temperature Effects on Ultrasonic Degassing in Static Test, P = 60.6 kPa

0.0

0.5

1.0
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Figure 11. Temperature Effects on Ultrasonic Degassing in Static Test, P = 33.5 kPa
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Dissolved O xygen Concentration (mg/L)

Figure 12. Steady State Dissolved Oxygen Concentration at Various Temperatures
and Pressures - With and Without Ultrasonic Degassing

Figure 13. Ultrasonic Degassing as a Function of Pressure in Static Testing,
T = 40C

30

0.0

0.5

1.0

1.5

2.0

Ultrasonic Exposure Time (min)

Figure 14. Ultrasonic Degassing as a Function of Pressure in Static Testing,
T = 60 C

Figure 15. Ultrasonic Degassing Results at Various Pressures in Flow Testing
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Figure 16. Comparison of Dissolved Oxygen Concentrations Before and After
Ultrasonic Degassing at Various Pressures, Flow Rate = 50 ml/min

Figure 17. Comparison of Dissolved Oxygen Concentrations Before and After
Ultrasonic Degassing at Various Pressures, Flow Rate = 100 ml/min
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Phoenix Rig Tests
Figure 18 shows the comparison between the amount of deposits formed when air
saturated, nitrogen sparged, and ultrasonically degassed jet fuel are uniformly heated to
300 C at a flow rate of 16 ml/min. The dissolved oxygen concentrations of the three fuels
before heating are 72.5 mg/L, 5 mg/L, and 12 mg/L, respectively. At this temperature
and flow rate, all dissolved oxygen contained in the fuel is consumed by the autoxidation
process. The horizontal axis in Figure 18 shows the distance along the tube in
centimeters starting from the point the fuel enters the system at ambient. The duration of
this test was 6 hours. Carbon deposition is measured in pgrams/cm , as translated from
the multi-phase carbon analyzer. Deposition data for both nitrogen sparged and air
saturated fuel was previously obtained from a Phoenix Rig test matrix performed on JP-8
2827 at 300 C. Breaks in the data for the ultrasonically degassed curve is due to
adjoining tube fittings which were not analyzed for carbon deposits.

Analytical Tests
Figure 19 shows the gas chromatograms for the surrogate fuel plotted against JP-8
2827 which has being exposed to the most intense ultrasonic energy the horn can output
for a period of 5 minutes under ambient conditions. Each peak size represents the
abundance of a particular compound listed in the legend. Table 3 shows a quantitative
comparison of the percent concentration for the six largest peaks in the chromatograph.
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Figure 18. Phoenix Rig Carbon Deposition for Air Saturated and Degassed JP-8
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isooctane
(2,2,4-trim ethylpentane)
methyl cyclohexane
p-xylene
n-undecane
n-dodecane
n-tridecane
n-tetradecane
n-pentadecane

Figure 19. Comparison of Gas Chromatograms for Surrogate Fuel Before (top) and
After (bottom) Ultrasonic Degassing
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Table 3. Comparison of Peaks from Gas Chromatogram for Surrogate Fuel Before
and After Application of Ultrasound

Peak
1
2
3
5
6
7

% Total Area Neat
7.74
8.98
23.05
12.18
26.15
21.23

% Total Area Stressed
7.08
8.61
20.17
11.48
27.91
24.76

% Peak Concentration
Change
-8.5
-4.1
-12.5
-5.7
+6.7
+16.7

Figure 20 shows the comparison between two gas chromatograph plots for the
solid phase extract, the top plot being the neat surrogate fuel and the bottom being the
stressed fuel. Peaks ‘a’ occurring at 18 minutes, ‘b’ at 23.5 minutes, and ‘c’ at 19.75
minutes are possible oxidative products (4-methylbenzaldehyde, 1,3,5-trimethylbenzene,
and 2,6-dimethylphenol). Another peak, not shown in Figure 20, occurred at 52 minutes
and was determined to be bis(2-ethylhexyl) phthalate (ACN), a residual from the
polyethylene pipettes used to transfer the samples during analysis.
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Figure 20. Comparison of Gas Chromatograms of Solid Phase Extract for
Surrogate Fuel Before (top) and After (bottom) Ultrasonic Degassing
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DISCUSSION

Static Tests
The solubility data for JP-8 as a function of fuel temperature and pressure (Figure
21) shows that as fuel temperature is increased from 20 C to 60 C, a 10 mg/L reduction in
oxygen concentration is achieved. It is observed from this data that if fuel temperature
continued to be increased, a lower dissolved oxygen content should be expected. This
was not verified here since upper temperature ranges in experimentation and were limited
by the flash point of JP-8 ( ~50 C ). Although transient data were not collected during
this test, very long times (>5 min) were needed to obtain a steady state oxygen reading.
As the figure shows, dissolved oxygen content linearly decreases as pressure is lowered.
This is also predicted by solubility calculations (Appendix B). The effect of merely
increasing the temperature of the fuel shifts the solubility curves down with respect to
oxygen concentration. Similar trends are found in results when ultrasonic energy was
applied to the fuel. Figure 10 again shows a steady state 10 mg/L reduction in dissolved
oxygen content at 60.6 kPa as the fuel temperature is increased. This is also seen at 33.5
kPa in Figure 11, but the data has shifted down since degassing took place at a lower
pressure. In summary, Figures 10 and 11 show that varying the temperature at constant
pressure does aid in degassing, but this effect is small (1 mg/L O2 per 4 C) when limited
to the present temperature range. The most important item to be recognized from these
two figures is the time it takes to achieve steady state levels of dissolved oxygen. As
stated before,
38

Dissolved Oxygen Concentration(mg/L)
Figure 21. Dissolved Oxygen Concentration at Various
Temperatures and Pressures for JP-8
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reducing the amount of dissolved oxygen in fuel by changing its solubility (decreasing
the pressure with vacuum) takes very long times (>5 min). Here, using ultrasonic energy
to cavitate the fuel and assist in deoxygenation, steady state levels of dissolved oxygen
are obtained in approximately one minute. Therefore, it can be stated that ultrasonic
degassing is more efficient with respect to time than simply dropping the pressure or
raising the temperature of jet fuel. Moreover, results show that degassing the fuel by
cavitating it ultrasonically yields lower dissolved oxygen levels than vacuum degassing.
Figure 12 shows steady state dissolved oxygen concentrations resulting from both
methods at various temperatures. A substantial gain is achieved when ultrasonic energy
is applied (an additional 7 to 17 mg/L).
Figures 13 and 14 show that decreasing the fuel pressure results in lower levels of
dissolved oxygen as temperature is held constant while degassing ultrasonically.
Observing the data closely, the amount of oxygen removed is not a linear function of fuel
pressure. In Figure 13, between 87.7 kPa and 74.2 kPa constant pressure curves, a 7
mg/L change in dissolved oxygen is found, but between 47.1 kPa and 33.5 kPa, a 9 mg/L
change in dissolved oxygen occurs. Figure 14 shows the same trend. Efficiency, defined
as the amount of dissolved oxygen the ultrasound removes, increases as pressure is
decreased. Again observing the solubility data presented in Figure 21, the solubility of
oxygen is linearly related to pressure. This is not the case when ultrasonic energy is used
to further remove dissolved oxygen. At very low pressures (near Psat), factors which
govern the bubble nucleation and growth are being effected by the pressure, and the
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increased amount of dissolved oxygen being removed is due to these factors and not just
the solubility of oxygen at these pressures.
Results obtained from static experimentation can be summarized as follows:
1. Ultrasonic degassing is more efficient than vacuum degassing in that resulting steady
state dissolved oxygen concentrations are achieved in much shorter times.
2. Resulting dissolved oxygen concentrations are lower when ultrasonic degassing is
used over vacuum degassing.
3. As pressure is decreased, efficiency of ultrasonic degassing, relative to both time it
takes to degas and resulting oxygen levels, increases.

Flowing Tests
Figure 15 shows that the amount of oxygen removed by degassing is only slightly
dependent on the flow rate. This is due to the order of magnitude of acoustic velocity
used in degassing which is much (~20X) greater than the flow rate of the fuel passing
below the hom. Restated, the fuel passing the area of ultrasonic agitation has a residence
time in that region which allows for complete response to the degassing effects of the
ultrasonics.
From Figure 15, it can be expected that ultrasonic degassing will remain nearly
unaffected as flow rate is further increased. Unfortunately, since flow rates in this
experimentation were controlled by drawing the fuel through the system by means of
vacuum, they were limited in magnitude. Effectiveness of ultrasonic degassing will
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eventually decrease as flow rate continues to increase, but the flow rate at which this
happens could not be attained by the on-line flow system.
Figures 16 and 17 show the effect the reduction of pressure has on the dissolved
oxygen content of JP-8 due to solubility, as well as the gain acquired by using ultrasonic
energy to further degas the fuel. This difference in resulting dissolved oxygen levels is
substantially large. This is because at these flow rate, fuel being degassed by vacuum
only does not have sufficient time to reach its final steady state level of deoxygenation.
For reasons stated in the previous paragraph, ultrasonic degassing is more efficient at
these flow rates, thereby resulting in lower oxygen concentrations.
Previously, it has been shown in static testing that at lower pressures, the
efficiency of ultrasonic degassing increases. This trend is also observed in the flowing
test data.

Phoenix Rig Tests
Figure 18 shows that ultrasonically degassed fuel containing 12 mg/L oxygen
produces little or no deposit, following the results observed when fuel contains
approximately 5 mg/L dissolved oxygen concentration by means of nitrogen sparging. In
the first heating section where all dissolved oxygen is consumed by autoxidation, the total
amount of deposits for the nitrogen sparged fuel is 85.6 pgrams/cm verses 195.3
pgrams/cm produced by the ultrasonically degassed fuel. The ratio of these deposits
coorelates well with the ratio of the dissolved oxygen concentrations of both fuels before
heating.
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Analytical Tests
Studying gas chromatographs and mass spectrograms from the comparison of the
surrogate fuel before and after degassing, it can be stated that the ultrasonic field being
applied to the fuel while degassing does not change it chemical composition. Relative
peak sizes do change from the neat to the stressed chromatogram, but notice that no new
peaks are formed. This verifies the hydrocarbon compounds are not broken, and the fuel
is not degraded due to the intense localized cavitation produced by the horn. If bonds had
been broken due to the ultrasonic energy, previously unobserved peaks would be
expected to arise due to new compounds being formed from the original unbroken
hydrocarbon compounds. Decreases in abundance of one peak are less likely to reveal
hydrocarbon cracking. It is believed that the slight change in the relative size of the
peaks in Figure 19 is due to vaporization, since the amount of energy applied to the
surrogate fuel was enough to raise the temperature from ambient to 75 C, above the
boiling points of the specified compounds. This vaporization is very small and does not
change the volume of fuel significantly. The mixture shifts from the low end compounds
to the high end compounds, or, the compounds with the lower boiling points are
evaporating more readily than the compounds with the higher boiling points. This trend
in abundance indicates vaporization, as we have previously suggested. To double check
and make certain that no new compounds are being formed due to cracking, a solid phase
extract (Figure 20) was conducted on the stressed and unstressed surrogate fuel. A solid
phase extract shows at very sensitive levels any trace of oxidative products (polar
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compounds) formed as a result of autoxidation chemistry. The possible oxidative product
signals could mean that the fuel has been cracked or chemically degraded, but since they
are found in both the neat fuel and the ultrasonically exposed fuel, the application of
ultrasonic energy to the fuel did not form these possible oxidative products. This
qualitative data is enough to show that the ultrasonic energy used to cavitate and degas jet
fuel does not seem to change its chemical structure.

Other Discussions
Of the parameters that govern cavitation and bubble formation, fuel temperature
and pressure have been studied. Other factors such as surface tension and frequency are
also of interest. Observing equations of cavitation, the frequency of the applied acoustic
field has an effect on bubble formation. It appears that at lower frequencies, an increase
in bubble size will be observed. An attempt to fabricate ultrasonic horns and converters
to operate at a few designated frequencies is covered in Appendix C.
It was initially postulated that surfactants could lower the surface tension of jet
fuel enough to facilitate cavitation and increase overall degassing. Data gathered from
previous studies shows that measured surface tension varies little due to the addition of
currently available surfactants (see Appendix D).
Degassing accomplished using the on-line deoxygenating system was conducted
at pressures lower than ambient. Aircraft fuel systems operate at much higher than
ambient pressures. For possible implementation into an aircraft fuel line, a transition
between low pressure degassing and high pressure circulation must be established. A
possible solution is to ultrasonically degas on the input side of the fuel pump where
44

pressures are low. After degassed, fuel is then pressurized by the pump and circulated
normally.
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CONCLUSIONS

The following conclusions can be made from this study:

1. Ultrasonic energy can be used to degas JP-8 jet fuel to low levels of dissolved oxygen
concentrations.
2. Ultrasonic degassing of jet fuel is more efficient and faster than vacuum degassing
and can be used to rapidly remove dissolved oxygen from a batch of fuel.
3. An ultrasonic energy source can be implemented into a flowing system with effective
results. Flow rate has little effect on the efficiency of ultrasonic degassing.
4. Fuel ultrasonically degassed displays the same thermal stability characteristics as if
degassed by nitrogen sparging.
5. The ultrasonic energy used to cavitate the fuel is non-destructive in that the fuel
remains its original chemical structure after degassing.
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Appendix A - On-line Degassing Using Semi-permeable Tubing

Initial on-line degassing was accomplished using Analytical Instrument Systems
Model DG-3310 On-Line Degassing Instrumentation. This degasser operates using semipermeable tubing in a three channel configuration. The channels can be run in parallel to
maximize flow rate or in series to maximize the rate of degassing. Tests were run using
both configurations. Table 4 summarizes the flow rates run and attained dissolved
oxygen content for both configurations.

Table 4. Degassing Results for Varied Flow Rates Using AIS On-Line Degasser

Channel Configuration
Series
Series
Series
Series
Series
Parallel
Parallel
Parallel
Parallel

Flow Rate (ml/min.)
4
8
10
12
15
4
16
30
45

Degassing Result (mg/L)
18.3
29.8
33.8
36.1
39.2
17.6
43.3
52.7
55.8

The results were disappointing in that in running the three channels in series
produced only a dissolved oxygen level of 18 mg/L, much higher than the claimed <1
mg/L the manufacture states. We believe that this occurred because the vacuum created
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on the low side of the pump used to pull the fuel through the degasser was enough to
overcome the vacuum created by the degasser to draw oxygen through the semipermeable membrane. Also, the steady state dissolved oxygen levels took a very long
time to reach.
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Appendix B - Discussion of Oxygen Solubility in Jet Fuel

Jet fuel at designated temperatures and pressures contains a certain amount of
dissolved oxygen and other gases within it. At standard temperature and pressure, JP-8
2827 contains 72.5 mg/L measured oxygen. This value and oxygen levels at other
temperatures and pressures can be calculated using The American Society for Testing and
Materials standard test method D 2779. The procedure of the method is outlined below.
1.

Calculate the Ostwald coefficient for the liquid.
L = 2.31(0.980 -d )e x p

2.

(0.639) (7°°

r \n(3.333£.)

Calculate the Bunsen coefficient for the solubility of gases in the liquid.
B

2 6 9 7 ^-p ^L
8)

T
3.

7)

Calculate the solubility, expressed in ppm by weight.
BMg
G=
8
0.0224

T - 288.6
1- 0.000595
d 1.21

>" 1
>

9)

The values of properties such as density and vapor pressure for JP-8 2827 were retrieved
from CRC Handbook of Aviation Fuel Properties (1983). For oxygen, Ostwald
coefficient Lo is 0.16. The solubility calculated here is expressed in ppm by weight or in
units of mg/kg. In our experimentation, oxygen content was measured in mg/L by a
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dissolved oxygen probe or by gas chromatography. The trend seen in calculating oxygen
solubility by the above method is that as temperature is increased, the Ostwald coefficient
increases and oxygen becomes more soluble. Data collected shows the opposite effect,
that is as temperature is increased, the solubility of oxygen in jet fuel decreases. A
correlation between measuring oxygen content in mg/kg and mg/L needs to be
distinguished. Measuring dissolved oxygen in mg/L is the desired notation because it is
more tangible and more easily explainable. In measuring ppm by weight or as a mass
ratio, the density of the fuel is not taken into consideration. As temperature is increased,
density of jet fuel decreases. Therefore, for the same mass of fuel, at higher temperatures,
there is volumetrically more of it. Since the amount of fuel increases, the volumetric
concentration of oxygen in the fuel decreases, establishing the trend found in the
experimental data. Neither method of determining dissolved oxygen is incorrect, just not
directly comparable. Experimental data collected is shown in Figure 21. Here, 100 ml.
of JP-8 2827 was exposed to varied temperatures and pressures to determine the unique
solubility of oxygen in this particular medium. The fuel was thoroughly mixed at the
specified temperatures and pressures to assure uniform oxygen saturation.
In determining the solubility of oxygen in jet fuel, it was found that as pressure is
decreased and temperature increased, the amount of dissolved oxygen contained in the
fuel decreases. In addition, the amount of oxygen which can be removed by ultrasonic
energy is also increased as the temperature is increased and the pressure decreased. Other
than changing the environment of the fuel, changes in the applied ultrasonic energy could
increase deoxygenation. By increasing the amplitude, it has already been stated that
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cavitation and degassing will increase due to larger pressure decreases created by the horn
tip. Changing the frequency of the applied energy has an opposite effect, though.
It takes time for a void to be created within an ultrasonic field. The frequency of
the energy dictates the amount of time within which a void can propagate and be filled
with gas or vapor. At high frequencies, the production of cavitation bubbles may be
decreased simply due to the fact that the cycle of the horn tip does not give sufficient time
for these bubbles to be created and grow. Therefore, greater amplitudes of the ultrasonic
energy must exist to overcome the cohesive forces of the liquid (Mason, 1988). At low
frequencies, the velocity of the horn tip allows for the complete formation if these
cavitation bubbles, increasing the probability that dissolved gases could transfer from the
liquid into these void and increase degassing. Therefore, it can be stated that as
ultrasonic frequency is decreased, the production and intensity of cavitation jet fuel
increases (Mason, 1988). Also, the size of the cavitation bubbles formed is inversely
related to the applied frequency (Mason, 1988; Neppiras, 1980),
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where wa is the applied circular frequency (=2n/). Keeping the pressure of the liquid Ph
and the pressure created by the horn PAconstant, small changes in the frequency of the
ultrasonic energy should result in substantial differences in the bubble size, since the
frequency term is located in the denominator of the governing equation. This was the
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driving factor for the creation of new horns designed to operate at frequencies lower than
the Misonix ultrasonic unit.
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Appendix C - Frequency Considerations in Hom Fabrication

It has been shown that at lower frequencies, ultrasonic degassing improves. One
problem with the Misonix horn obtain for this experimentation is that it operates at a
fixed frequency, due to its characteristic length. Driving the horn off its designated
frequency results in large impedance loses and large tip displacements are not
maintained. Therefore, to study the effects of lowering the frequency on degassing, new
horns of different characteristic lengths had to be fabricated.
The material chosen for the new horns was aluminum, simply because it is readily
available, easily machined, and has good acoustical properties. Studying the Misonix
horn, it was determined the amount of displacement the piezoelectric crystals created by
back calculating from the known tip displacement and step sizes. Displacements in the
Misonix horn are created by a prestressed stack of piezoelectric crystals. Not knowing
the nature of the crystals, how many were stacked, and the amount the stack was
prestressed, attempts to mimic these displacements were difficult. The only
commercially available crystal which produced displacements of the magnitude of which
we calculated for the Misonix horn (60 pm) were monolithic oxide wafers. Other
available crystals had low displacement characteristics, and large stacks (8 to 12 inches in
length) had to be created to achieve the displacements necessary to drive the horns.
The frequencies to be studied were chosen at 17, 20, and 23 kHz. These values
were arbitrarily chosen meeting only the requirement that the total horn assembly be as
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short as possible without producing audiable sound frequencies (16 Hz - 16 kHz). As
explained before, the length of the horn is directly relative to the frequency at which it is
to be driven. This assures that the horn tip is located at an antinodal point of the acoustic
wave where the greatest amplitude exists. Figure 22 shows the three aluminum horns and
their respective frequencies. These horns are stepped down from 1/2” D to 1/8” D,
thereby amplifying the amplitude of the wave by a factor of 4. The step is situated at the
exact nodal point of the ultrasonic energy wave, minimizing internal stresses and
impedence loses.

0.05"

®

®

Figure 22. Aluminum Ultrasonic Homs

The crystals used in this application are 1” in diameter, requiring a foward driver to
connect the 1/2” D horn to the crystals. The length of this forward driver matches the
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length of the horn, putting the tip of the horn one wavelength away from the crystal
interface. A rear driver situated behind the crystal acts as a solid backing for the crystal
to vibrate against, forcing displacement translations to be transfered forward through the
horn assembly. Figure 23 shows the completed hom/driver assembly.

Peizoelectric Crystal Stack

Horn

Forward Driver

Rear Driver

Figure 23. Hom/Driver Assembly

The cystals used to drive these horns were Aura Ceramics RAINBOW monolithic oxide
wafers. Four crystals were stacked to achieve maximum displacement. The stack was
assembled and attached to the horn with TRA-CON conductive silver epoxy (TRADUCT 2902). The A/C voltage signal used to drive the crystals was supplied by a Bel
Merit MT-100 ALL-IN-ONE Instrument consisting of a frequency generator, frequency
counter, digital multimeter, and power supply. This signal was amplified by a McIntosh
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M240 Amplifier and measured by a LeCroy 9314L Quad 300 MHz 4-Channel
oscilloscope.
In theory, the new ultrasonic horn should have worked effectively. However, this
was unfortuatlely not the case. The problem found occured in the displacement of the
crystals. The oxide wafers did provide the magnitude of displacement necessary to
vibrate the mass of the horn, but the nature of this displacement was unsuitable for our
applications. The peizoelectric crystal contained in the Misonox horn expand and
contract through their thickness. The Aura Ceramics crystals demonstrated a bending
mode, acting much like an acoustical speaker. This non-linear displacement was
inappropriate to drive the aluminum horns. Due to a time restraint, the correct crystals
were unable to be obtained and implemented in to the aluminum horns.
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Appendix D - Jet Fuel Surface Tension Measurements

In an attempt in increase bubble size formed during cavitation and thereby
increase degassing, a number of surfactants were looked at to determine if they could
reduce the surface tension if the fuel. As stated before, the bubble radius is inversely
proportional to the surface tension. Table 5 summarizes some of the currently available
additives used in jet fuels and their effects on surface tension. The values for surface
tension were measured using a Fisher Surface Tensiometer. This error using this
apparatus is ±0.25 dynes/cm, as claimed by the manufacturer. As indicated by the table,
the addition of these surfactants does not substantially change the surface tension of the
fuel, seeing that most values are within the allowed error of accuracy from the neat fuel.
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Table 5. Various Additive Concentrations and Surface Tension Effects on Jet Fuel

Fuel

Additive

Concentration

Surface Tension (dynes/cm)

POSF 2827

none

-

27.4

POSF 2747

none

-

27.5

POSF 2747

Mobil MCP 147B

75 mg/L

27.6

POSF 2747

Mobil MCP 147B

150 mg/L

27.5

POSF 2747

Mobil MCP 147B

300 mg/L

27.5

POSF 2747

Betz 8Q405

25 mg/L

27.0

POSF 2747

Betz 8Q405

50 mg/L

26.5

POSF 2747

Betz 8Q405

100 mg/L

28.0

POSF 2747

DCI-4A
Stadis 450 Special
fsh
DCI-4A

22.5 mg/L
2 mg/L
0.15 v/o
22.5 mg/L
0.15 v/o

27.2

POSF 2747

Fsn

27.3
72.4

Water @ 21.7 C
(71 F)
(measured)
Water @ 21.7 C
(71 F)
(CRC Handbook of
Chemistry value)

72.5
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